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ABSTRACT

We present an investigation of one-photon valence-shell photoelectron spectroscopy and photoelectron circular dichroism (PECD) for the
chiral molecule (1R,4R)-3-(heptafluorobutyryl)-(þ)-camphor (HFC) and its europium complex Eu(III) tris[3-(heptafluorobutyryl)-(1R,4R)-
camphorate] (Eu-HFC3), the latter of which constitutes the heaviest organometallic molecule for which PECD has yet been measured. We
discuss the role of keto-enol tautomerism in HFC, both as a free molecule and complexed in Eu-HFC3. PECD is a uniquely sensitive probe of
molecular chirality and structure such as absolute configuration, conformation, isomerization, and substitution, and is, in principle, well
suited to unambiguously resolving tautomers; however, modeling remains challenging. For small organic molecules, theory is generally capa-
ble of accounting for experimentally measured PECD asymmetries, but significantly poorer agreement is typically achieved for the case of
large open-shell systems. Here, we report PECD asymmetries, ranging up to �8% for HFC and �7% for Eu-HFC3, of similar magnitude to
those reported previously for smaller isolated chiral molecules, indicating that PECD remains a practical experimental technique for the study
of large, complicated chiral systems.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/4.0000791

I. INTRODUCTION

Photoelectron spectroscopy (PES) is a powerful method for the
investigation of molecular electronic structure. Nowadays, when the
molecule of interest is chiral, PES can be enhanced by the complemen-
tary technique of photoelectron circular dichroism (PECD). Chiral
light-matter interactions have long been leveraged to resolve the physi-
cally and chemically indistinguishable enantiomers of various chiral
molecules. The differential absorption of circularly polarized light in
the infrared and UV domains has proven a particularly accessible
means of probing the electric and vibrational structure of chiral mole-
cules. However, because such absorption-based circular dichroism
(CD) relies on the interaction between electronic and much weaker
magnetic dipole transitions, the magnitude of the observed effects
tends to be low (typically 10�3%–10�1%). In contrast, chiral asymme-
try in the photoelectron angular distribution arises purely from
electric-dipole interactions, and correspondingly, the measured effects

are larger (typically 0.5–10’s %), even for randomly oriented mole-
cules.1–3

PECD, which manifests as a forward-backward asymmetry in the
photoelectron flux emitted along the light-propagation axis in photo-
ionization of chiral molecules by circularly polarized light, was first
predicted theoretically in 1976 by Ritchie.4,5 The first experimental
demonstrations of this effect were published in the early 2000s.6,7 In
subsequent years, a number of exploratory PECD studies were per-
formed on a range of terpenes, including camphor and fenchone8–12 as
well as several smaller systems,2 thereby establishing PECD as a gen-
eral phenomenon in photoionization of chiral molecules. The depen-
dence of PECD on the final photoelectron continuum states (and thus
electron kinetic energy) is clear from core-level photoionization inves-
tigations, e.g., of the C 1s orbital in camphor.8,12 As a 1s orbital is
spherical (achiral) and highly localized, PECD asymmetry measured
upon photoionization of such orbitals clearly indicates that the
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outgoing photoelectrons must sample the intrinsic chirality of the full
molecular potential via scattering processes. Although camphor and
fenchone exhibit very similar PECD in C 1s photoionization within
the kinetic-energy range of 1–15 eV,8,12 photoionization of their
highest-occupied molecular orbitals (HOMOs) reveals remarkable dif-
ferences, despite the fact that in both cases, the HOMO is strongly
localized on the molecule’s respective carbonyl group.7,10,11

This extraordinary sensitivity to minor differences in the initial
state of the molecules, as well as to the molecules’ overall geometry and
valence electronic structure, makes PECD an attractive technique
capable of providing new insights that may aid in the interpretation of
complicated photoelectron spectra. Indeed, experiment and theory
both clearly indicate that PECD is much more sensitive to minor
changes in a molecule’s geometric or electronic structure than either of
the more commonly measured photoionization observables: cross sec-
tion and anisotropy parameter (b).1,13–15

However, despite PECD’s exceptional sensitivity, its application
as a practical analytical method demands reasonable agreement
between theory and experiment. A major challenge for theoreticians,
in turn, is the accurate description of electron continuum states, which,
together with the neutral electronic ground states, are needed to deter-
mine the photoionization matrix elements that give rise to PECD.16–18

For the case of small to moderately sized organic molecules without
significant electron correlation, this information is generally accessible,
and thus, the agreement between PECD theory and experiment is suf-
ficient to enable the practical use of PECD, for example in the resolu-
tion of different conformers that are indistinguishable in the angle-
integrated PE spectrum.19–22 Even for more complicated molecules,
such as closed-shell organometallic complexes, agreement between
theory and experiment can be nearly quantitative for well-
characterized ionization channels.23 However, for open-shell molecules
(which exhibit stronger electron correlation) or for ionization channels
involving deeper valence states, and therefore not well approximated
by one-electron excitations, PECD remains challenging to model, and
agreement with experiment has generally been poorer.24,25

Improvements in modeling will require comparison to experi-
mental data. In the case of chiral organometallic complexes, the study
of which could benefit from the unique capabilities of PECD, such
data remain sparse. These molecules are of broad scientific interest for
both practical applications and for tests of fundamental physics. They
are regularly employed as chiral catalysts and shift reagents for nuclear
magnetic resonance26 and as efficient emitters for circularly polarized
electroluminescence.27 At a more basic level, such molecules are inter-
esting due to their capacity to filter polarized electrons via elastic scat-
tering at levels measurable in the laboratory28,29 and are useful
candidates for experiments seeking to quantify miniscule energetic dif-
ferences between enantiomers due to parity violation.30,31

Here, we report on our recent PES and PECD experiments
involving gas-phase samples of (1R,4R)-3-(heptafluorobutyryl)–
(þ)-camphor (hereafter abbreviated HFC) and its complex with
europium, Eu(III) tris[3-(heptafluorobutyryl)–(1R,4R)-camphorate]
(hereafter Eu-HFC3). HFC is a camphor derivative that differs from
camphor via the introduction of a large, flexible, electronegative tail at
the C3 position, adjacent to the camphor carbonyl group [see
Fig. 1(a)]. This b-diketone structure may also suggest the possibility of
tautomeric interconversion, giving rise to an enol form in HFC
[Fig. 1(b)]. To the best of our knowledge, there has been no previous

discussion of keto-enol tautomerism in HFC, although one may antici-
pate that any resulting changes in electron density around the oxygen
atoms would carry implications for the outer valence PES. Eu-HFC3 is
composed of three HFC molecules coordinated to a central trivalent
europium cation [Fig. 1(c)]. We note that Eu-HFC3 is at present the
heaviest organometallic molecule to have been probed using PECD
(m/z¼ 1194) and therefore serves as a useful candidate for assessing
PECD’s relevance as an analytical tool to study heavy, complex mole-
cules with multiple chiral centers.

II. METHODS
A. Experimental

All measurements were carried out at the DESIRS VUV beamline
at Synchrotron SOLEIL.32 To prepare a sufficiently dense gas-phase
target using HFC (respectively Eu-HFC3), 2ml of the liquid sample
(both molecules were obtained from Santa Cruz Biochemicals and
used without further treatment) was placed into a stainless steel oven,
which was subsequently heated to 55 �C (respectively 195 �C). The
vapor was expanded through a 100lm pinhole, heated to 75 �C
(respectively 215 �C), with 1 bar He carrier gas. The supersonic expan-
sion was skimmed using two skimmers with diameters of 1.5 and
2mm. The molecular beam was perpendicularly crossed with a VUV
photon beam in the center of a i2PEPICO DELICIOUS III PEPICO
spectrometer coupling a velocity-map-imaging spectrometer on the
electron side with a modified Wiley-McLaren 3D momentum imaging
spectrometer on the ion side.33 The mass resolution was limited due to
the high deflector voltages used to refocus the heavy ions onto the
detector, at approximately m=Dm ¼ 300. Photoelectron spectroscopy
was performed using circularly polarized light in the photon energy
range of 9–13 eV. For PECD, measurements were made by collecting
image pairs with left- and right-handed circularly polarized light,
switching polarization at�15min intervals. These were combined fol-
lowing an established protocol to obtain symmetric and antisymmetric
images for subsequent analysis.9 The resulting mass-selected photo-
electron images were analyzed using the pBasex inversion procedure.34

Within the electric-dipole approximation, the normalized photo-
electron angular distribution resulting from one-photon ionization of
a randomly oriented molecule by circularly polarized radiation may be
described as

I pf gðhÞ ¼ 1þ b
pf g

1 P1ðcos hÞ þ b
pf g

2 P2ðcos hÞ
h i

; (1)

where Pn represents the nth-order Legendre polynomial.1 For circular
polarizations, h is the angle of photoemission with respect to the vector
defined by photon propagation. The index p describes the helicity of the
light: p ¼ 61 for left-handed (right-handed) circularly polarized light

FIG. 1. Molecular structures of (1R,4R)-3-(heptafluorobutyryl)-(þ)-camphor
(HFC) tautomers: (a) keto form; (b) enol form. The expected structure of Eu(III)
tris[3-(heptafluorobutyryl)-(1R,4R)-camphorate] (Eu-HFC3) is shown in (c).
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and p ¼ 0 for linear polarizations. Since P1ðcos hÞÞ expands simply as

cos h, the chiral asymmetry parameters, b 61f g
1 , determine the magni-

tude of forward-backward asymmetry. From underlying symmetry con-

siderations, one obtains b þ1f g
1 ¼ �b �1f g

1 , but for linear polarizations,

b 0f g
1 is necessarily zero. For circular polarizations, the P2 Legendre coef-

ficient, b
pf g

2 , is symmetric, so that b þ1f g
2 ¼ b �1f g

2 , and for linear polariza-

tion, b 0f g
2 � b, the conventional photoelectron anisotropy parameter.
The magnitude of the measured chiral forward-backward asym-

metry is generally defined as 2b
pf g

1 . In this study, we use the shorthand

b1 for b
þ1f g
1 and PECD for 2b þ1f g

1 when discussing derived numerical
values of the chiral asymmetry.

B. Computational

Quantum chemical calculations were carried out as follows. The
Gaussian 16 software package, revision C.01, was used for all density
functional theory calculations.35 The hybrid density functional approx-
imation, PBE0,36,37 was used with Grimme’s D338 and the Becke-
Johnson damping parameters for dispersion corrections.39–41

Dunning’s correlation consistent basis sets of polarized triple-f quality
were employed for H, C, O, and F.42–45 A Stuttgart-Bonn relativistic
effective core potential was used for Eu (28 electrons), with the associ-
ated segmented valence basis sets.46–48 Eu(III) has the electronic
configuration [Xe]4f6, and hence, Eu-HFC3 was computed as a spin-
unrestricted septet. Spin contamination was minimal, with
h S2i¼ 12.04 for Eu-HFC3. Default settings were used for the SCF and
geometry optimizations (which were performed without symmetry
constraints), and analysis of the harmonic vibrational frequencies con-
firmed the optimized geometries as energetic minima.

Ionization energies for the PBE0/cc-pVTZ optimized HFC geom-
etries were calculated using the outer valence Green’s function
(OVGF) method49 implemented in Gaussian 16 and the non-Dyson
third-order algebraic-diagrammatic construction scheme [IP-
ADC(3[4þ])]50,51 implemented in Q-Chem 5.4.52 Both OVGF and IP-
ADC(3[4þ]) methods address one-hole (1h) independent-electron
ionization processes through third-order many-body perturbation the-
ory, thereby incorporating a treatment for electron correlation effects.

Neither the OVGF nor the ADC(3) calculations were feasible for
the much larger Eu-HFC3 complex. Ionization energies for this were
instead estimated by the DESCF method, determining the energy differ-
ence between the neutral and cation states.

III. RESULTS

Representative time-of-flight (TOF) spectra obtained with the
highest photon energy used for both HFC and Eu-HFC3 (13 and
12 eV, respectively) are displayed in Figs. 2(a) and 2(c), with regions of
interest highlighted in the insets. In the HFC TOF spectrum, we
observed clear signatures of the parent ion at m/z¼ 348.
Fragmentation of HFC is also apparent at this photon energy, revealed
via the small feature at m/z¼ 320. However, in contrast to previous
experiments with camphor, the parent ion remains dominant at all
photon energies used,10 indicating a greater stability of HFC upon
photoionization. For Eu-HFC3, the parent ion peak at m/z¼ 1194 is
also clear. In this case, we did not observe any clear signatures of frag-
mentation. The size of Eu-HFC3 (339 vibrational modes) evidently
constitutes a greater heat-bath capable of holding the excess energy of

ionization at the photon energies we examined, thereby stabilizing the
system against fragmentation. The strong peak at m/z¼ 348 originates
from unreacted ligand and is not a fragmentation product of Eu-HFC3.
This is clearly established by considering the PES obtained in coinci-
dence with the m/z¼ 348 ions, which is identical to that for HFC. For
the subsequent analysis of the PE spectra of HFC and Eu-HFC3, we
include only electrons collected in coincidence with the respective par-
ent ion masses.

The PE spectrum of HFC [Fig. 2(b)] reveals one well-separated
feature with a vertical ionization energy (VIE) of approximately 9.4 eV
as well as a more complicated envelope of overlapping features begin-
ning at slightly higher IE but with a distinct shoulder suggesting a sec-
ond orbital ionization at � 10:5 eV. As seen in Fig. 2(b), the
corresponding HFC PECD exhibits clear negative maxima centered at
the IEs corresponding to these first two features in the PES. At higher
ionization energy, as the apparent density of spectroscopic states
increases, the PECD trends to zero.

The measured narrow valence-band spectrum of Eu-HFC3

[Fig. 2(d)] is similar to that measured for HFC, with the notable differ-
ence being the presence of a new lower-energy feature with VIE
� 8.2 eV. Once again, two clear PECD extrema are seen at the IEs cor-
responding to the first two PE features. Similarly to HFC, we find that
the higher IE features do not yield any notable PECD.

To facilitate a more direct comparison between the PECD mea-
sured for each of the above-assigned PE features for HFC and Eu-
HFC3, we averaged the PECD b1 values across the full-width at half
maximum of each peak as a function of photon energy. The summa-
rized data are presented in Fig. 3. Beginning with the HOMO of HFC,
we find clear PECD across the entire kinetic-energy range probed, with
the magnitude of b1 varying between -0.014 and -0.042. The case of the
HFC HOMO-1 is quite different, with a maximum measured value of
b1 of -0.037 at 2.6 eV KE, a slight decrease in magnitude at 1.6 eV KE,
and a sign reversal with b1 ¼ 0.022 for the lowest-KE electrons studied.

For Eu-HFC3, the measured PECD magnitudes accompanying
the first two PES peaks are, in general, lower, with the HOMO exhibit-
ing a maximum magnitude for b1 of -0.034 for 0.6 eV photoelectrons,
near zero PECD for electrons with KE of 1.7 and 2.7 eV, and negative
PECD once more for 3.7 eV photoelectrons. Eu-HFC3’s HOMO-1
exhibited a maximummeasured value of b1 of -0.033 for 2.8 eV photo-
electrons, with PECD magnitude decreasing for lower KE electrons.
Due to time constraints, only one enantiomer of each molecule was
investigated.

IV. DISCUSSION
A. HFC

Following an automated search53 of the conformational space of
(1R,4R)-3-heptafluorobutyryl-(þ)-camphor, ten potential conformers
of interest reported in the PubChem database were identified.54 Upon
further examination, the heptafluorobutyryl substitutions at the tetra-
hedrally coordinated C3 camphor atom immediately divide into two
subclasses: half occupy the endo position and another half the exo
position. The C3 atom, thus, becomes asymmetrically substituted with
either R or S configurations possible, creating a second independent
chiral center.55

To aid interpretation of the photoelectron spectra, we re-
optimized these ten PubChem HFC conformer structures54 using the
PBE0 hybrid functional with empirical dispersion corrections
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(as discussed in Sec. II B) to obtain more accurate SCF energies. These
PBE0/cc-pVTZ results are listed in Table S1.

Apart from the endo- or exo-nature of the substitution site, these
conformers differ principally in the rotamer conformations adopted in
the CF2� CF2� CF3 tail grouping, the bicyclic structure of the camphor
moiety being relatively rigid. The estimated OVGF/cc-pVTZ ioniza-
tion energies for the outermost orbitals (listed in Table S2) show very
little dependence on the specific conformer structure. This invariance
is perhaps not surprising as these outer orbitals localize around the
more conformationally rigid camphor grouping rather than the flop-
pier, electronegative CF2� CF2� CF3 tail (Fig. S1). Indeed, the HFC
valence PES [Fig. 2(b)] bears a strong similarity to that of camphor,11

fenchone,10 and bromocamphor6 measured at comparable photon
energies. For each of these molecules, the distinct HOMO band for
each of these molecules may be attributed predominantly to the local-
ized carbonyl orbital with prominent O lone-pair character. The
greater VIE of the HFC HOMO compared to these other terpenes
reflects the high electronegativity of the C3 tail group.

56

The molecular structure of the lowest-computed energy con-
former (keto conformer #9 in Table S1) is shown in Fig. 4(a). The
OVGF ionization energies for this conformer are 9.33, 10.56, 10.76,
11.30, and 11.55 eV for the HOMO–HOMO-4, respectively. The verti-
cal ionization energies for the HOMO and HOMO-1, in particular, are
in excellent accord with the visible peak positions in the PES and
PECD spectra [Fig. 2(b)]. We thus conclude that these calculations
provide a convincing assignment for at least the first two distinct pho-
toelectron bands. Although our IP-ADC(3[4þ]) calculations were
more limited in overall scope, these results (Table S3) are in good
agreement with the OVGF results.

Each of the above-discussed HFCs structure is of the diketone
form illustrated in Fig. 1, which is how HFC is generally presented in
vendor catalogs and online databases. However, we note that this is
neither the only possible structure nor even necessarily the most ener-
getically stable one. In an experimental and computational vibrational
circular dichroism (VCD) study of the closely related b-diketone mole-
cule 3-(trifluotoacetyl)-camphor (TFA),57 the possibility of keto-enol
tautomerism was considered. In the enolization process, a proton
migrates from the C3 atom creating a C¼C double bond at that point
and an adjacent OH group, which may then H-bond toward the sec-
ond C2 ¼ O carbonyl group, resulting in the formation of a hydroxy-
ketone group [the analogous HFC enol structure is shown in Figs. 1(b)
and 4(d)]. Using DFT calculations with a polarizable continuum
model, the authors found that, for the case of solution-phase TFA in
chloroform, the enol form of the molecule was�19 kJ mol�1 more sta-
ble than the keto forms. The experimental VCD spectrum matched
well with that calculated for the most stable enol tautomer and differed
substantially from the calculated keto spectrum, providing further evi-
dence for the dominance of the enol form of the molecule in solution.

While these solution-phase results for TFA may not directly
apply to the gas phase, they strongly recommended the consideration
of additional HFC structures. As such, we have extended our calcula-
tions to include HFC enol structures. Specifically, we generated trial
structures starting from the two lowest-energy keto forms (keto con-
formers #9 and #1 in Table S1) to define the CF2� CF2� CF3 tail confor-
mation and re-optimized with a PBE0/cc-pVTZ calculation. We found
that the enol is predicted to be � 30 kj mol�1 more stable than the
keto forms, suggesting that it would dominate any equilibrium mix-
ture. While we have not investigated the HFC enol tail conformers as

FIG. 2. Representative photoion mass time-of-flight spectra (left) and corresponding photoelectron spectra collected in coincidence with the parent ion peaks (right) for (a) and
(b) HFC and (c) and (d) Eu-HFC3. The top row HFC spectra (a) and (b) were recorded with 13 eV photon energy; the bottom row Eu(HFC)3 (c) and (d) measurements used

12 eV photons. Expanded views of the parent ion peaks are presented in (a) and (c). Photoelectron circular dichroism traces, showing b þ1f g
1 values derived from the photoelec-

tron velocity map images, are presented as blue traces in (b) and (d).
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extensively as was done for the keto forms, our experience with the lat-
ter suggests that this will not significantly influence the broad conclu-
sions to be drawn.

Without solvation effects, this dramatic stabilization in the gas-
phase HFC enol must be attributed to the formation of a six-
membered H-bonded ring structure along with the increased
conjugation in the enol [Figs. 1(b) and 4(d)]. These structural changes
are correspondingly apparent in the orbitals, notably those located
near the hydroxyketone group. In particular, the enol HFC HOMO
spans O¼C–C¼C conjugation [Fig. 4(e)], while the HOMO-1 looks
remarkably similar to the keto HOMO, with clear localization on the
C2 ¼ O carbonyl group [compare Figs. 4(b) and 4(f)]. The keto
HOMO-1 is heavily localized on the tail carbonyl group, Fig. 4(c).
Both our OVGF and ADC(3) ionization energy calculations (Tables S1
and S3) show that the VIE of the enol HOMO is strongly shifted to
�8.9 eV, approximately 0.4 eV below the keto HOMO ionization.

It is apparent that the predicted enol HOMO vertical ionization
energy is in rather worse agreement with the experimental PE

spectrum [Fig. 2(b)] than the earlier keto HFC predictions. This creates
a paradox since the foregoing arguments for a dominant role of the
enol form seem to be in conflict with the experimental PES evidence.
One may speculate that a high keto-enol interconversion energetic bar-
rier could explain the apparent preference of the keto form in the PES
data as a consequence of kinetics, in spite of the strongly favorable
equilibrium energetics. Ultimately, the PECD data measured may pro-
vide an ideal means to clarify the diastereomeric character of gas-
phase HFC and thereby to provide insights into the keto-enol equilib-
rium in this system, which are not directly accessible via the PES.
However, despite the strong HFC PECD signal reported here, the use
of the PECD data in this analytic capacity will require reliable, high-
quality theoretical modeling, which is beyond the scope of the present
study.

B. Eu-HFC3

We optimized the structure of Eu-HFC3 beginning with the
bidentate ligand binding geometry suggested by Whitesides and
Lewis.58 The resulting structure is shown in Fig. 5(a) and implies that
the coordinated HFC ligands adopt the enol form. We will examine
the accuracy of this assumption shortly. We also note that this struc-
ture is nearly C3 symmetric and, as such, may be expected to exhibit
helical, or P–M, chirality. For this type of chirality, the sign of the
“twist” in the ligand packing configuration distinguishes two enan-
tiomers, even for the case when the ligands themselves are achiral.
This is similar, but not identical to, the case of the D3-symmetric
Ru(acac)3, for which PECD has been previously reported.25 The class
of X-HFC3 molecules, where X is a trivalent lanthanide ion, thus pro-
vides new opportunities to study the interplay between intrinsic chiral-
ity, arising from the handedness of the ligands themselves, and
structural chirality, dependent on the arrangement of the ligands. In
the present case, we have no indication that P–M isomerism was
resolved during the Eu-HFC3 synthesis, and as such the molecules
studied are likely racemic in this respect. Separating isomers of organo-
metallic complexes is possible using methods such as chiral high-
performance liquid chromatography.59,60 However, such separation is
not trivial, primarily due to the non-negligible effects that solute-
solvent interactions may have on conformational stability of the mole-
cules in question.

We note that the photoelectrons coincident with Eu-HFC3’s par-
ent ion comprise a similar spectrum [Fig. 2(d)] to that measured for
HFC, with the notable difference being the presence of a new lower-
energy feature with IE � 8.2 eV. This PE feature is clearly attributable
to Eu-HFC3’s HOMO, and our calculations reveal that the correspond-
ing electron density for this orbital is primarily delocalized across the
ring defined by the Eu-binding diketonate groups of the ligands [see
Fig. 5(b)]. This is different from the case of Ru(acac)3,

25 for which the
HOMO was strongly metal localized and reflects the lower stability of
the occupied metal valence orbitals for transition metal complexes gen-
erally. The DFT calculations show that the Eu-HFC3 HOMO is almost
threefold energetically degenerate (Table S4, right column, orbitals
1–3). The Kohn-Sham HOMO and HOMO-1 [see Fig. 5(b)] differ in
energy by only 0.001 eV, with HOMO-2 being only ca. 0.02 eV more
stable. The molecule was optimized without symmetry constraints but
is almost C3-symmetric; in perfect C3 symmetry, the HOMO and
HOMO-1 would be the two components of an e symmetry orbital
pair, with HOMO-2 being of a symmetry. This pseudo eþ a orbital

FIG. 3. Photoelectron circular dichroism measured as a function of photoelectron
kinetic energy for the two highest-occupied molecular orbitals of (a) and (b) HFC
and (c) and (d) Eu-HFC3. Statistical error bars are included but are generally
smaller than the markers.
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combination reflects the molecule’s approximate C3 symmetry and
indicates equal electron density on each of the three coordinating
ligands.

Spectroscopically, the HOMO-1 can clearly be resolved as a sec-
ond well-separated peak, centered around 9.2 eV IE. The electron den-
sity for this orbital is also delocalized across the ligand diketonate
group but exhibits substantially more oxygen lone-pair character com-
pared to the HOMO as well as minor contribution from the Eu 4f

orbitals [Fig. 5(c)]. As with the HOMO, this MO also exhibits threefold
energetic degeneracy (see Table S4, right column, orbitals 4–6). While
it was not practical to calculate the valence VIEs for Eu-HFC3, we used
the so-called D-SCF method (i.e., the energetic difference between the
neutral and cationic molecular ground state) to estimate the HOMO
VIE at 7.679 eV. This is somewhat of an underestimate based on com-
parison with the PE spectrum. Nevertheless, our calculated orbital
energetics revealed a � 0.95 eV energy difference between the HOMO

FIG. 4. Molecular structures of the calculated lowest-energy conformers of the keto (a) and enol (d) tautomers of (1R,4R)-3-(heptafluorobutyryl)-(þ)-camphor, along with visual-
izations of the two highest-occupied molecular orbitals for each tautomer [(b) keto HOMO; (c) keto HOMO-1; (e) enol HOMO; (f) enol HOMO-1]. For the molecular orbital visual-
izations, green and red represent the phases of the wavefunction with an isovalue of 0.1. All molecular orbitals shown are representative of the neutral species.

FIG. 5. Optimized molecular structure of Eu-HFC3 (a) with molecular orbitals visualized for the two highest-occupied molecular orbitals [(b) HOMO; (c) HOMO-1]. For the
molecular orbital visualizations, green and red represent the phases of the wavefunction with an isovalue of 0.05. All molecular orbitals shown are representative of the neutral
species. The differing perspective in (a) was chosen to highlight the helical ligand packing arrangement, while (b) and (c) utilize a different perspective to better illustrate
the MOs.
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and HOMO-1 of Eu-HFC3 (Table S4), which agrees well with the mea-
sured data and supports these feature assignments. The third PE fea-
ture, centered near IE � 10 eV, is formed by the overlap of the
HOMO-3 and HOMO-4, with more strongly bound MOs combining
to form a higher-energy plateau beginning at 10.5 eV.

As mentioned earlier, the bidentate HFC binding geometry pre-
sented in Fig. 5(a) [see also Fig. 1(c)] assumes that the HFC ligands
adopt an enol-like structure, with the central Eu(III) ion serving as the
sixth member of a stable ring structure involving the ligand diketonate
group. This structural similarity is reflected in the orbital character of
Eu-HFC3’s HOMO and HOMO-1, which more closely resemble those
of enol HFC than keto HFC [compare Figs. 5(b) and 5(c) to Figs. 4(e)
and 4(f)], with the HOMO delocalized across the diketonate group
and the HOMO-1 more localized on the O lone pairs. Our calculated
and experimentally measured ionization energies provide support for
this picture. The measured VIE of the Eu-HFC3 HOMO is more simi-
lar to the calculated values for the enol-HFC HOMO than for the
keto-HFC HOMO. The VIE of the Eu-HFC3 HOMO-1 is nearly
aligned with the VIE of the keto-HFC HOMO, seemingly reflecting
the orbital similarities between keto-HFC HOMO and enol-HFC
HOMO-1 and strongly suggesting “locking-in” of enol-HFC structure
upon coordination to Eu(III). The greater conformational landscape of
Eu-HFC3 is difficult to define, given the many possible rotations of the
ligand CF2� CF2� CF3 tail grouping. However, given the likely ligand
packing arrangement presented in Fig. 5(a), we note that some cooper-
ative steric stabilization of the ligand tails may be expected. In both of
these cases, the PECD data could be the definitive piece of evidence.
Unfortunately, PECD calculations for such large organometallic mole-
cules remain exceptionally difficult at the moment, and their imple-
mentation here is not yet practical.

We note that the PECD measured for the HOMO and HOMO-1
of Eu-HFC3 and HFC, when compared (Fig. 3), shares qualitative simi-
larities in terms of sign and kinetic-energy trends. As the chirality of
Eu-HFC3 stems from the chirality of its individual HFC ligands, it may
be tempting to ascribe these similarities to this shared chirality between
the molecules. However, given that the HOMO and HOMO-1 of the
two molecules differ substantially, and that our PES data and calcula-
tions suggest different dominant tautomers for free and coordinated
HFC, this apparent consistency seems likely to be simply a coinci-
dence. Even if the MOs were very similar, complexes of chiral mole-
cules are generally clearly distinguishable from their monomers in
terms of PECD.14,61,62

V. CONCLUSIONS

We have recorded photoelectron spectra and PECD spectra for
the gas-phase ligand HFC and its Eu(III) complex, Eu(HFC)3. We uti-
lized DFT calculations to examine the relative stabilities and ionization
energies of different conformations of the free HFC molecule. Despite
the considerable flexibility of the CF2� CF2� CF3 tail grouping, a rather
consistent picture emerges with the ionization energies of the outer
orbitals, which are localized around the more rigid camphor structure,
being in good agreement with the experimental PES results. The role
of keto-enol tautomerism in the gas-phase HFC is discussed, with cal-
culations indicating that the enol form is the more stable form, and so
likely to be dominant in an equilibrium sample. Nevertheless, the
agreement between the calculated enol HOMO ionization energy and
the experimental photoelectron spectrum is worse, so that the PES evi-
dence tends rather to support a predominance of the keto form.

One significant consequence of the keto-enol conundrum is that
the keto structures are expected to be diastereomers (due to the two
independent chiral centers). While cis-trans isomerism is technically
possible for the enol structure across the enol double bond, our calcu-
lations indicate that the configuration with the tail hydroxyl group
hydrogen bonded to the camphor carbonyl is clearly energetically pre-
ferred, meaning that enol HFC is, in practice, likely to be enantiomeric.
This has obvious consequences for PECD measurements, and, in prin-
ciple, the measured PECD should be well-placed to resolve keto vs
enol HFC. However, such calculations near the edge of feasibility using
current methods and are beyond the scope of the present paper.

For the case of Eu-HFC3, the calculated HOMO and HOMO-1
orbitals are almost solely ligand-localized, with the Eu(III) 4f orbitals
playing a minor role at most. Our lowest-energy calculated molecular
structure of Eu-HFC3 suggests that the coordinated HFC ligands adopt
an enol-like structure, with the Eu(III) ion serving as one part of a sta-
ble six-membered ring involving the ligand diketonate groups. The
measured PES data further support this picture. We note that the
approximate C3 symmetry of Eu-HFC3 provides an opportunity to
study the interplay between the intrinsic chirality of the individual
HFC ligands and the structural P–M chirality of the complex, deter-
mined by the nature of the ligand packing. PECD would be well suited
to resolve these contributions, but additional challenges remain in
modeling such large molecules.

It is encouraging that the magnitude of PECD asymmetry
observed for Eu-HFC3 is comparable to that of HFC despite the differ-
ences in size and complexity between the systems. This suggests that
PECDmay be a viable analytical technique even for large organometal-
lic systems. HFC is a large molecule as far as current calculations of
PECD are concerned, and Eu-HFC3 is the largest organometallic mole-
cule for which PECD has yet been measured. The application of PECD
in an analytical manner to such molecules remains challenging and
will require continued advancements in approaches for modeling
PECD, in particular in terms of treating multiplet structures, which
might exhibit different PECD.

Our study provides a valuable addition to the presently scant lit-
erature documenting PECD in organometallic systems. We note that
the class of molecules X-HFC3, where X represents any trivalent lan-
thanide ion, provides ample opportunity for additional experiment. A
useful subsequent study could focus on a nearly closed-shell system,
such as the 4f1 Ce-HFC3, for which electron correlation effects are
minimal, and current models might be more applicable. We note that
the MO with lowest IE in this system should be Ce 4f-based, in con-
trast to the present Eu molecule, reflecting the gradual stabilization of
the metal 4f electrons across the lanthanide series and providing a fur-
ther rationale for targeting the Ce system. Moreover, we point out that
X-HFC3 molecules also provide appealing opportunities to study
PECD’s ability to resolve fine-structure features in PES, for example
spin–orbit split states. Such application will require advances in state-
of-the-art methods for modeling photoionization of relativistic elec-
trons.63 Additional experiment with this class of molecules is certainly
warranted and will serve to provide useful benchmarks against which
theory can be tested.

SUPPLEMENTARY MATERIAL

See the supplementary material for tabulated calculated ioniza-
tion and orbital energies for HFC in both the keto (10 conformers)
and enol (2 conformers) forms as well as for the optimized structure of
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Eu-HFC3. The atomic coordinates for the optimized structures of HFC
(keto and enol form) and of Eu-HFC3 are also provided.
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